Introduction {#s1}
============

Treatment of locally advanced rectal carcinoma (LARC, T3-4 or/and N1-2 lesions) remains to be a challenge [@pone.0085446-Benson1]. No great improvement have been made over years. Although the current multidisciplinary treatment strategy recommends preoperative neoadjuvant radiotherapy (nRT) because of its significant benefits in decreasing tumor stage, increasing the opportunities of curative resection and sphincter preservation, improving the local control, and even achieving clinical or pathological complete regression in the short term [@pone.0085446-vanGijn1], there is no enough evidence to support that nRT significantly prolong the long-term survival rate in LARC patients, which largely restricts its clinical use [@pone.0085446-Willett1]. Understanding the molecular basis of individual heterogeneity in the susceptibility to radiotherapy and identifying predictive and prognostic markers from pretreatment biopsy specimens are essential to select LARC patients who are more likely to benefit from nRT, thus improving their long-term prognosis.

Our previous studies have demonstrated a combined predictive value of p53 and p21 for tumor regression after preoperative nRT in rectal carcinoma patients and identified that ATP-binding cassette subfamily C member 4 (ABCC4) may play a role in response to irradiation of CRC cell line HT29 *in vitro* [@pone.0085446-Fu1]--[@pone.0085446-Yu1]. ABCC4 has been identified as an active ATP-dependent export pump belonging to the ATP-binding cassette transporter superfamily for exporting cyclic nucleotides and organic anions across extra- and intra-cellular membranes [@pone.0085446-Wittgen1]. ABCC4 confer topoisomerase II inhibitor-resistance in macrophages and also serve as a critical member of the multidrug resistance-associated protein subfamily involved in efflux of anticancer/antiviral nucleotide agents inducing resistance to chemotherapy in several kinds of carcinomas [@pone.0085446-Marquez1]--[@pone.0085446-Huynh1]. ABCC4 is distinct from the other subfamily members by its dual membrane localization in polarized cell types [@pone.0085446-Russel1]. Although the functional role of ABCC4 has not been well clarified in colorectal diseases, expression of ABCC4 has been detected in several CRC cell lines [@pone.0085446-LinLee1].

According to our previous data, the positive rate of ABCC4 expression in pretreatment tissue specimens of LARC was substantial while ABCC4 expression in biopsy specimens was significantly associated with short-term pathological response to nRT in LARC patients [@pone.0085446-Yu1]. In the present study, we aimed to evaluate the long-term prognostic significance of ABCC4 in this group of LARC patients treated with nRT. We also assess the role of ABCC4 on radioresistance in the xenograft model. This study provides evidence indicating that ABCC4 is a useful predictive marker for LARC prognosis, and a novel therapeutic target for enhancing radiosensitivity and ultimately developing more effective individualized therapies.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

The study protocol conformed to the 1975 Declaration of Helsinki Principles and was approved by the human ethic committee of Changhai Hospital and Second Military Medical University (Shanghai, China). All animal treatments were strictly in accordance with international ethical guidelines concerning the Care and Use of Laboratory Animals, and the experiments were carried out with the approval of the Committee of Experimental Animal Administration of the Second Military Medical University. Written informed consent was provided from all patients participating in this study.

Patients {#s2b}
--------

Biopsy tissue specimens were obtained from 121 LARC patients with a mean age of 57.8 (SD = 11.2) years, as previously described [@pone.0085446-Yu1]. Pretreatment biopsy was examined to confirm the diagnosis of rectal adenocarcinoma. Pelvic CT/MRI scans were used to stage the clinical tumors as T3/T4 N 0 to 2 and M0. The tumors were located within 12 cm from the anal verge as confirmed by digital rectal examination and flexible sigmoidoscopy. After the first biopsy, the patients underwent long-course preoperative nRT (a total dose of 45--50.4 Gy of irradiation to the pelvic region in 25--28 fractions over a period of 5 weeks). Six to 8 weeks after nRT, the patients received radical surgery (low anterior resection, LAR or abdominoperineal resection, APR) following the principle of total mesorectal excision in the Department of Colorectal Surgery, Changhai Hospital (Shanghai, China). We collected postoperative pathology reports and further determined Circumferential Resection Margin (CRM) status and final tumor staging according to ypTNM staging criterion. The patients were then treated with the standard FOLFOX4 therapeutic regimen (bolus plus continuous-infusion fluorouracil plus leucovorin and oxaliplatin) for 6 to 8 cycles after surgery. All patients were routinely followed up every 3 months on an outpatient bases and/or by telephone calls according to our standard registration and follow-up system [@pone.0085446-Li1]. The last follow-up date was December 31, 2012. Prognosis was estimated as 3-year overall survival (OS) and 3-year disease-free survival (DFS).

Immunohistochemistry {#s2c}
--------------------

The expression of ABCC4 and p53 protein in each pretreatment biopsy tissue specimen was detected by immunohistochemistry according to our previous protocol [@pone.0085446-Chang1]. Antibodies were diluted to 1∶1000 for ABCC4 protein and 1∶200 for p53 protein (Cell Signaling Technology, Beverly, MA). Scoring the intensity of immunostaining was done semiquantitatively, and immunostaining was scored based on the percentage of the stained tumor cells: 0--10% as negative (−), 11--25% as slightly positive (+), 26--50% as moderately positive (++), and 51-100% as strongly positive (+++), respectively. All specimens were analyzed independently by two senior pathologists who were blinded to the clinical information. There was close agreement (\>90%) among the two pathologists. Disagreements were resolved by consensus.

Cell Lines and RNA Interference {#s2d}
-------------------------------

Human CRC cell line RKO was purchased from the Institute of Cell Biology, Chinese Academy of Science (Shanghai, China). Three different silencing sequences for short hairpin RNA (shRNA) were designed according to previous report [@pone.0085446-Yu1]. After screening, the most effective sequence of ABCC4 shRNA 5′-GCACAGAAGCCTTCTTTAA-3′ was chosen, inserted into the lentiviral vector, and then transfected into RKO cells as previously described [@pone.0085446-JiFu1]. Nonsilencing sequence 5′-TTCTCCGAACGTGTCACGT-3′ was used as a control. Cells were separated into positive experiment group (RKO-KD), negative control group (RKO-NC), and blank control group (RKO-CON). All cells were routinely cultured, and the knockdown efficiency was confirmed at both RNA and protein levels by real-time RT-PCR and western blot assay, as described in our previous protocol [@pone.0085446-Yu1].

Xenograft Model {#s2e}
---------------

Five-six weeks old male athymic nude BALB/c mice were maintained under pathogen-free conditions, and then stratified into 3 groups (10 mice/group). Thereafter, 1×10^6^ of RKO-KD, RKO-NC and RKO-CON cells suspended in 100 µl PBS were subcutaneously inoculated into the left armpit of mouse, respectively. We then chose mouse with tumor volume of 0.20 cm^3^ on average and grouped (6 mice/group) for subsequent experiment. Tumor volume was calculated according to the following formula: V = 0.4×D×d^2^ (V, volume; D, longitudinal diameter; d, latitudinal diameter). The mice in experiment groups \[RKO-KD (+), RKO-NC (+), RKO-CON (+)\] received irradiation with a total dose of 10 Gy in 5 fractions over 5 consecutive days to the tumor area with the rest of the body shielded, while those in control groups \[RKO-KD (−), RKO-NC (−), RKO-CON (−)\] did not receive irradiation. Tumor growth was monitored and measured every 3 days for 3 weeks, then the mice were sacrificed and the tumors were weighed.

Irradiation {#s2f}
-----------

In order to simulate the radiotherapy condition in clinical setting, medical 6-megavolt x-ray linear accelerator (Clinac 21EX, Varian Medical Systems, Palo Alto, CA) was utilized to perform irradiation to both cell samples and xenograft model at room temperature. The irradiation conditions were: treatment field = 30 cm×30 cm, ounce-skin distance = 100 cm, and radiation dose rate = 400 cGy/min.

Detection of Intracellular Cyclic Adenosine Monophosphate (cAMP) {#s2g}
----------------------------------------------------------------

Prior to performing cAMP detection assay, RKO-KD, RKO-NC, and RKO-CON cells were exposed to irradiation with a single dose of 4 Gy, and then cultured for 3, 6, 9, and 12 hrs, respectively. Cells without irradiation were used as controls. According to the manufacturer\'s instructions, 20 µl cAMP-Glo lysis buffer (Promega, Madison, WI) was added to each cell well to release cAMP. The cell plates were then incubated with constant shaking at room temperature for 15 min. cAMP detection solution (40 µl), which contained protein kinase A (PKA), was then added and mixed by shaking for 60 sec. After the cell plates were incubated at room temperature for another 20 min, 80 µl Kinase-Glo reagent was added to terminate the PKA reaction at room temperature for 10 minutes. Relative luminescence units (RLU) were measured in each well using a plate-reading luminometer (Bio-Rad, Nashua, NH).

Detection of Cell Cycle Distribution {#s2h}
------------------------------------

Cell cycle of those with or without irradiation was examined using cytometry. Exponentially growing cells were digested, collected, washed twice with ice-cold PBS, fixed in cold 75% ethanol overnight at 4°C, then washed and re-suspended in 500 µl PBS containing a concentration of 10 mg/ml RNase A (Sigma, St Louis, MO), and finally stained with 150 µl Propidium Iodide kit (Sigma, St Louis, MO) for 30 min at room temperature in the dark. DNA content was detected by a FACScan flow cytometer (Miltenyi, Germany) to analyze the relative proportion of cells in G0/G1, S and G2/M phases.

Statistical Analysis {#s2i}
--------------------

Differences in categorical variables were examined using χ^2^ test. Pearson\'s r test was applied to evaluate the correlations of mRNA level with protein level of ABCC4 in fresh tissue samples. The OS and DFS were calculated using the Kaplan-Meier method. We recruited all important clinicopathological features into the univariate log-rank survival analysis model, further recruited factors whose *P* value less than 0.10 into multivariate Cox regression analysis model for long-term prognosis. Measurement data were presented as mean ± standard deviation (χ± SD) from three independent replicate experiments. One-way analysis of variance (ANOVA) was used to compare quantitative data among different groups. All statistical analyses were two sided and conducted using SPSS version 17.0 (SPSS 17.0, Chicago, IL). *P*\<.05 was considered statistically significant.

Results {#s3}
=======

Expression of ABCC4 and p53 in Pretreatment Biopsy Specimens {#s3a}
------------------------------------------------------------

Because pre-treatment biopsy specimens harvested under colonoscopy was not an easy work: not only because the tissue specimens were very small and easily broken to clips, but also for the potential danger of bowel blooding and tumor metastasis due to pincers touch directly to the mass. Therefore, we carefully collected 2--3 biopsy tissue specimens from each case for HE examination to confirm the diagnosis of rectal adenocarcinoma, then used the remaining tissues for immunohistochemical analyses to detect the expression and subcellular localization of ABCC4 and p53. We also obtained 30 pretreatment frozen fresh samples from the 121 patients enough for the analysis of ABCC4 expression by real-time RT-PCR. The representative immunostains of each score are shown in [**Figure 1**](#pone-0085446-g001){ref-type="fig"}. The expression of ABCC4 was mainly located in the cytomembrane and cytoplasm, while the expression of p53 was mainly detected in the nuclei of epithelial cancer cells. Meanwhile, 16 cases (13.2%) achieved pathological complete response (pCR) after neoadjuvant radiotherapy, as shown in our previously published paper [@pone.0085446-Yu1].

![Representative Immunostains to Each Score of ABCC4 and p53 Protein in Pretreatment Biopsy Specimens.\
**Left**: The expression of ABCC4 protein was mainly cytomembrane and cytoplasm in epithelial rectal cancer cells (×100 magnification); **Right**: The expression of p53 was mainly nuclei in the rectal cancer cells (×100 magnification).](pone.0085446.g001){#pone-0085446-g001}

High Expression of ABCC4 and p53 Mutant Predicts a Poor Long-term Prognosis in LARC Patients Receiving Preoperative nRT {#s3b}
-----------------------------------------------------------------------------------------------------------------------

A total of 93 patients underwent LAR surgery and the rest 28 cases received APR procedure, the CRM status of every case was considered negative according to postoperative pathology reports, for the shortest distance between the rectal tumor (including noncontiguous tumor) and the mesorectal fascia was ≥1 mm.

We first classified the 121 LARC patients into ABCC4 high-expression group (++/+++; 68/121; 56.2%) and ABCC4 low-expression group (−/+; 53/121; 43.8%) according to immunohistochemistry. ABCC4 mRNA levels in 30 pretreatment frozen fresh samples as measured by real-time RT-PCR assay were consistent with protein expression level measured by immunohistochemistry (r = 0.558, *P* = 0.001). There was no significant difference between ABCC4 expression and any of the clinicopathological factors including age, gender, tumor size, gross type, cell differentiation, serum CEA expression, serum CA19-9 expression, preoperative T stage, N stage and p53 type (χ^2^ test *P*\>.05 for all) ([**Table 1**](#pone-0085446-t001){ref-type="table"}).

10.1371/journal.pone.0085446.t001

###### Correlation of Clinicopathological Characteristics with ABCC4 Expression in 121 LARC Patients Treated with Preoperative nRT.

![](pone.0085446.t001){#pone-0085446-t001-1}

  Characteristics    Cases (n)   Expression of ABCC4 (n)   *P* value  
  ----------------- ----------- ------------------------- ----------- ------
  Age                                                                  1.00
  ≤50 y                 37                 16                 21      
  \>50 y                84                 37                 47      
  Gender                                                               .275
  Female                59                 29                 30      
  Male                  62                 24                 38      
  Tumor size                                                           .461
  ≤5 cm                 48                 19                 29      
  \>5 cm                73                 34                 39      
  Gross type                                                           1.00
  Mass                  30                 13                 17      
  Ulcerative            91                 40                 51      
  Differentiation                                                      .366
  Well                  21                 10                 11      
  Moderate              72                 34                 38      
  Poor                  28                  9                 19      
  CEA                                                                  .275
  ≤10 ng/ml             66                 32                 34      
  \>10 ng/ml            55                 21                 34      
  CA19-9                                                               .464
  ≤37 U/ml              58                 23                 35      
  \>37 U/ml             63                 30                 33      
  T stage                                                              .558
  T3                    83                 38                 45      
  T4                    38                 15                 23      
  N stage                                                              .392
  N-                    92                 38                 54      
  N+                    29                 15                 14      
  p53 type                                                             .856
  Wild                  58                 26                 32      
  Mutant                63                 27                 36      

Abbreviations: ABCC4, ATP-binding cassette subfamily C member 4; CA19-9, carbohydrate antigen 19-9; CEA, carcinoembryonic antigen; LARC, locally advanced rectal carcinoma; nRT, neoadjuvant radiotherapy.

The mean postoperative follow-up duration was 34.5 (SD = 8.6) months. [**Figure 2**](#pone-0085446-g002){ref-type="fig"} presents clinicopathological factors significantly related to prognosis in Kaplan-Meier models. Multivariate Cox proportional hazards analysis further indicated that high expression of ABCC4 and p53 mutant in pretreated specimens and poor pathological response were significantly associated with unfavorable 3-year OS (*P* = .036, *P* = .047, and *P* = .044, respectively); while high expression of ABCC4 and p53 mutant in pretreated specimens and high final tumor staging were also significantly associated with worse 3-year DFS (*P* = .027, *P* = .019, and *P* = .032, respectively) ([**Table 2**](#pone-0085446-t002){ref-type="table"}). Age (*P* = .974 for OS; *P* = .873 for DFS), gender (*P* = .807 for OS; *P* = .802 for DFS), tumor size (*P* = .431 for OS; *P* = .471 for DFS), gross type (*P* = .873 for OS; *P* = .576 for DFS), cell differentiation (*P* = .679 for OS; *P* = .475 for DFS), serum CEA expression (*P* = .142 for OS; *P* = .501 for DFS), serum CA19-9 expression (*P* = .558 for OS; *P* = .606 for DFS), preoperative T stage (*P* = .467 for OS; *P* = .722 for DFS), N stage (*P* = .474 for OS; *P* = .145 for DFS) and surgical procedures (*P* = .678 for OS; *P* = .856 for DFS) were not significantly associated with long-term prognosis in those receiving preoperative nRT.

![Kaplan--Meier analysis of Factors Associated with Prognosis in LARC Patients Receiving Preoperative nRT.\
**Right**: 3-year overall survival was significantly shorter in the patients with high ABCC4 expression (*P* = .001), those with p53 mutation (*P* = .004), and those with poor pathological response (*P* = .017) than the corresponding counterparts; **Left**: 3-year disease-free survival rate was significantly shorter in the patients with ABCC4 expression (*P* = .005), those with p53 mutation (*P* = .001), and those with high final tumor staging (*P* = .011) than the corresponding counterparts. *P* values were from log-rank test.](pone.0085446.g002){#pone-0085446-g002}

10.1371/journal.pone.0085446.t002

###### Multivariate Cox Regression Analysis of Predictive Factors for Long-Term Prognosis in 121 LARC Patients Treated with Preoperative nRT.

![](pone.0085446.t002){#pone-0085446-t002-2}

  Variables                                       3-year OS        3-year DFS                        
  ----------------------------------------- --------------------- ------------ --------------------- ------
  Expression of ABCC4 (++/+++ vs. +/−)       1.469(1.025--2.105)      .036      1.513(1.049--2.183)   .027
  P53 type (mutant vs. wild)                 1.441(1.005--2.066)      .047      1.535(1.072--2.199)   .019
  final staging (III--IV vs. I--II)                  \_                \_       1.607(1.042--2.478)   .032
  pathological response (non-pCR vs. pCR)    1.452(1.010--2.089)      .044              \_             \_

Abbreviations: ABCC4, ATP-binding cassette subfamily C member 4; CI, confidence interval; DFS, Disease-Free Survival; HR, hazard ratio; LARC, locally advanced rectal carcinoma; nRT, neoadjuvant radiotherapy; OS, Overall Survival; pCR, pathological complete response.

Down-regulation of ABCC4 Expression in RKO-KD Cells by RNA Interference {#s3c}
-----------------------------------------------------------------------

As shown in [**Figure 3**](#pone-0085446-g003){ref-type="fig"}, the highest lentivirus infection efficiency was detected at multiplicities of infection of 5. Ninety-six hrs after the infection, green fluorescent protein was expressed in \>90% of both RKO-KD and RKO-NC cells. Real-time RT-PCR and Western blot assay showed that the expression level of ABCC4 mRNA and protein in RKO-KD cells were significantly lower than those in RKO-NC or RKO-CON cells. The expression levels of ABCC4 mRNA and protein in RKO-NC cells were consistent with those in RKO-CON cells. Thus, the shRNA construct worked efficiently in silencing ABCC4 expression in RKO cells.

![Down-regulation of ABCC4 Expression in RKO-KD Cell Line by RNA Interference.\
**A**: The shRNA construct containing the green fluorescent protein gene indicated successful transfection via lentivirus. The highest infection efficiency was detected at multiplicities of infection of 5 for RKO-KD (upper) and RKO-NC (lower) cells. (left panel as background control, ×200 magnification). **B**: Real-time RT-PCR showed that ABCC4 expression in RKO-KD was significantly lower than that in RKO-NC and RKO-CON (\**P*\<.05; Error bars, SD). **C**: Western Blot assay showed that the expression of ABCC4 protein was significantly decreased in RKO-KD than in RKO-NC and RKO-CON (*P*\<.05). No difference in ABCC4 protein between RKO-NC and RKO-CON.](pone.0085446.g003){#pone-0085446-g003}

Down-regulation of ABCC4 Significantly Enhanced Irradiation-induced Suppression of Tumor Growth in Xenograft Model {#s3d}
------------------------------------------------------------------------------------------------------------------

The tumor growth following the irradiation is presented in [**Figure 4**](#pone-0085446-g004){ref-type="fig"}. Compared to the controls, tumor growth in RKO-KD xenograft model was significantly inhibited in a time-dependent manner following the irradiation (*P*\<.05). The mean tumor weight (g) of xenograft model, measured at the end of the observation, was significantly lower in RKO-KD model 2.01 (±0.18) % than those in RKO-NC model 3.97 (±0.21) % and RKO-CON model 4.01 (±0.19) % (*P*\<.05 for each comparison). There were no significant differences in tumor volume and weight among the three groups without the irradiation (*P*\>.05).

![Down-regulation of ABCC4 Expression Significantly Enhanced Irradiation-induced Suppression of Tumor Growth in Xenograft Model.\
A: Three representative mice following a total dose of 10Gy irradiation. B: Tumor volume curve (cm^3^) in xenograft models of RKO cells with or without ABCC4 knockdown following irradiation (*P*\<.05; Error bars, SD) or not (*P*\>.05) in a time-dependent manner. C: The mean tumor weight (g) in xenograft models of RKO cells with or without ABCC4 knockdown following irradiation (\**P*\<.05 for both; Error bars, SD) or not (*P*\>.05) at the end of the observation.](pone.0085446.g004){#pone-0085446-g004}

Down-regulation of ABCC4 Expression Enhanced Intracellular cAMP Accumulation and Arrested Cell Cycle Following Irradiation {#s3e}
--------------------------------------------------------------------------------------------------------------------------

As shown in [**Figure 5A**](#pone-0085446-g005){ref-type="fig"}, intracellular cAMP immediately accumulated following irradiation, and gradually decreased in a time-dependent manner. The average cAMP concentration was significantly higher in RKO-KD 0.66 (±0.25) % than that of RKO-NC 0.45 (±0.15) % and RKO-CON 0.46 (±0.16) % after exposed to 4 Gy irradiation (*P*\<.05).

![Intracellular cAMP Concentration and Cell Cycle Arrest Following 4 Gy Irradiation.\
**A**: Curves of intracellular cAMP changes in RKO cells with or without ABCC4 knockdown (*P*\<.05; Error bars, SD). **B**: The proportion of cell cycle arrested at the G0/G1 phase in RKO cells with or without ABCC4 knockdown (*P*\<.05); while there was no significant difference among the three cell groups without irradiation (*P*\>.05).](pone.0085446.g005){#pone-0085446-g005}

The proportion of cells arrested at the G0/G1 phase accounted for 43.54 (±3.07) % in RKO-KD, which was significantly lower than that in RKO-NC 65.73 (±3.78) % and in RKO-CON 66.52 (±3.64) %, following a single dose of 4 Gy irradiation (*P*\<.05 for each comparison). There was no significant difference in cell cycle distribution among the three cell groups without irradiation (*P*\>.05 for each comparison) ([**Figure 5B**](#pone-0085446-g005){ref-type="fig"}).

Discussion {#s4}
==========

In this study, we firstly demonstrated that high expression of ABCC4 and p53 mutant type were significant predictive factors of poor long-term prognosis in LARC patients receiving preoperative nRT. Interestingly, ABCC4 expression and P53 mutant were also positively correlated with short-term response to nRT according to tumor regression grading by postoperative histological examinations in our previous study [@pone.0085446-Yu1]. The 3-year OS and 3-year DFS were the common measurements to evaluate long-term effect of therapy [@pone.0085446-Sargent1]. It is widely accepted that TNM stage, cell differentiation, regional lymph nodes and serum tumor marker expression are associated with long-term prognosis of rectal carcinoma [@pone.0085446-Caricato1]--[@pone.0085446-Jakob1]. However, to date there have been few biomarkers proven to be effective in determining both short-term response to nRT and long-term prognosis in LARC patients.

The present neoadjuvant therapy model for locally advanced rectal cancer patients combines both 5-FU-based chemotherapy and radiotherapy [@pone.0085446-Engstrom1]. Therefore, the greatest advantage of using ABCC4 as a novel biomarker in predicting radioresistance lies on that the most ideal molecular marker should be associated with response to both irradiation and cytotoxic drug. The chemoresistance property of ABCC4 has been reported in several studies on various carcinomas including CRC [@pone.0085446-Gradilone1]. To the best of our knowledge, this is the first study investigating both the predictive and prognostic value of ABCC4 in radioresistance. ABCC4 appears as a promising marker in the selection of LARC patients for neoadjuvant therapy, thus improving prognosis.

p53 is known to be a key mediator in regulating cell functions, such as cell proliferation, apoptosis, and DNA repair [@pone.0085446-Muller1]. p53 type is associated with the response to radiotherapy in several carcinomas [@pone.0085446-Lu1], whereas the role of p53 type in the prognosis of LARC patients treated with nRT has not been reported. Wild-type p53 protein is very unstable, susceptible to hydrolysis, and its half-life is only a few minutes; while mutated p53 protein is relatively stable, the half-life of which reaches several hours. Therefore, immunohistochemistry method is only able to detect the expression of mutant-type p53 protein, but can't detect the expression of wild-type p53 protein. In the present study, we firstly proved that p53 mutant type predicted a poor prognosis in a large number of LARC patients treated with nRT for a long-term follow-up. Although ABCC4 expression and p53 mutant type were independently associated with short-term response to nRT and long-term prognosis of LARC patients in our study, previous researches have presented immunohistochemical data showing overexpression of multidrug resistance-associated protein is related to aberrant p53 expression in CRC [@pone.0085446-Fukushima1]. It is therefore of great importance for further studies to elucidate the molecular mechanisms of the correlation between ABCC4 expression and p53 mutant.

There was no significant difference among the three mice groups in *in vivo* experiment without irradiation ([**Figure 4**](#pone-0085446-g004){ref-type="fig"}). It is consistent with our previous control experiment *in vitro* that there were no significant differences in cell proliferation capacity without irradiation [@pone.0085446-Yu1]. These results suggested that ABCC4 conferred the responses to irradiation, rather than affect the growth and apoptosis of CRC cells.

The molecular mechanism of radioresistance is complex and remains largely unclarified. Several biological factors including inherent cellular radiosensitivity, the distribution of cell cycle and tumor hypoxia are considered to be important for radio-response. The antioxidant enzyme within the mitochondria and cell cycle-dependent kinase actually play important roles in the detoxification of free radicals generated by cellular metabolism and environmental/therapeutic irradiation [@pone.0085446-Candas1]--[@pone.0085446-Nantajit1].

In this study, we found that down-regulation of ABCC4 expression enhanced intracellular cAMP accumulation following irradiation ([**Figure 5A**](#pone-0085446-g005){ref-type="fig"}), indicating that ABCC4 had an important efflux property in the regulation of intracellular concentrations of cAMP. This finding is supported by a previous study indicating that extrusion of intracellular second messengers such as cAMP and cGMP were ATP-dependent and modulated by ABCC4 in various cell types [@pone.0085446-Sassi1]. cAMP is a key effector of G-protein-coupled receptors that regulates multiple aspects of cell processes, especially in cell signaling conduction [@pone.0085446-Witkowski1]. In addition, accumulation of cAMP mediates a wide range of cellular responses to numerous extracellular stimuli including irradiation through activating cAMP dependent protein kinase signalling pathways [@pone.0085446-Kim1], thereby controlling a wide range of cellular activities such as cell apoptosis, proliferation, and differentiation [@pone.0085446-Haste1]. It is likely that ABCC4 acts as a mediator of cAMP-dependent signal transduction to the nucleus [@pone.0085446-Copsel1].

Cell cycle is one of the determinative factors in response to irradiation [@pone.0085446-Jorgensen1]. There has been a consensus that an important cellular response to DNA-damaging agents induced by ionizing radiation is the activation of G1-S cell cycle checkpoint [@pone.0085446-Langerak1], which initiates signals that can ultimately activate G1-S checkpoint to arrest cell cycle at G0/G1 phase and provide enough time to repair DNA damage induced by irradiation [@pone.0085446-Zhao1]. Our results of cell cycle distribution following irradiation ([**Figure 5B**](#pone-0085446-g005){ref-type="fig"}) indicated that more cells in RKO-NC and RKO-CON group were arrested at the G0/G1 phase before G1-S checkpoint to allow DNA repair; while a large fraction of cells in RKO-KD group lost this important checkpoint that can protect cells from irradiation induced apoptosis, thus accumulating in the G2 phase, which appears to be most radiosensitive during the whole cell cycle [@pone.0085446-Pawlik1]. These results suggest that the role of ABCC4 in resistance to irradiation may also be related to cell cycle checkpoints. Even though S phase appeared in every other phase, it only accounted for a small proportion and didn't cause significant difference among groups in statistical analysis.

It should be emphasized here that molecular mechanism of chemoresistance is largely different from radioresistance. Cytotoxic drugs work in a continued, slow and systematic way, therefore allow sufficient time for the change of key proteins in apoptosis signaling pathway, which could well explain the potential mechanism of chemoresistance; however, as to irradiation, which delivers an instantaneous high energy directly to interior of cancer cells, generates amount of reactive oxygen species inducing DNA damage. The apoptosis signaling pathway may not be the key determinants. Herein, we identified that down-regulation of ABCC4 expression enhanced intracellular cAMP accumulation and noticeable deficiency of G1-S phase checkpoint in cell cycle following irradiation, which might help in explaining the mechanism by which radiation induced apoptosis of CRC cells with decreased ABCC4 expression by shRNA knockdown.

In conclusion, the present study demonstrated that ABCC4 is an important molecule in regulating the response to irradiation both *in vitro* and *in vivo*, and is significantly associated with a poor prognosis in LARC patients who received preoperative nRT. These data support that ABCC4 is a useful predictive marker for radioresistance and a novel therapeutic target for improving prognosis in LARC patients treated with preoperative nRT, which may be important in selecting patients for individualized radiotherapy to improve life quality of LARC patients.
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